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Abstract
A numerical study is conducted to investigate the filling process of a specified cryogenic tank. The chill-down behavior of the 
tank is analyzed by a computational fluid dynamics method considering the effect of the inflow rate and the state of the fill 
substance. In addition, the transient thermal stress within the tank wall during filling processes is analyzed using the finite 
element method. Numerical results show that the thermal stress is dominated by restricting conditions as well as the temperature 
distribution, which is controlled by the fluid field and heat transfer types within the tank.
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1. Introduction
The cryogenic propellant tank of a liquid rocket undergoes a series of preparation processes before launch,
including propellant filling, ground parking, propellant supplement and pre-pressurization. During the filling 
process, the cryogenic tank is cooled down and the propellant gradually accumulates in the tank, along with the
occurrence of a liquid vaporization phenomenon. The no-vent filling process of a cryogenic tank has been studied 
extensively by researchers due to its advantages in orbital propellant applications [1-2]. Attention is mainly focused 
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on evolutions of pressure within the tank during filling processes under different operating conditions. Flachbart et
al. [3] performed a series of rapid chill and fill tests on a large-scale liquid hydrogen tank and the results showed that
the vented tank could be filled within 5 minutes whereas the no-vent tank could not finish this process due to the 
slow chill-down rate of the tank wall. During the filling process of a cryogenic tank, the chill-down rate is not 
uniform within the tank wall, causing a temperature gradient along the axis of the tank. The non-uniform 
temperature distribution, along with existing constraints of the tank, leads to thermal stress within the tank wall. 
Fedorov and Luk’yanov[4] discussed three different filling procedures of cryogenic propellant tanks and stated that 
filling the tank from the top could lead to a more uniform temperature distribution than filling from the bottom, and a
reduced thermal stress field within the tank wall could be observed during the top filling process. Other researchers
[5-6] have conducted thermal stress analyses on different objects in cryogenic situations and claimed that the thermal 
stress in some cases is significant and should be considered.
Whereas the filling process of a cryogenic tank has been studied by several researchers, the unsteady thermal 
stress induced by the cryogenic filling as well as the detailed chill down behavior has not been investigated 
comprehensively. In the present paper, a series of CFD calculations are performed to investigate the chill down 
characteristics of the tank under different inflow rates, and filling cases using hydrogen gas (GH2) and liquid 
hydrogen (LH2) are concerned respectively. Subsequently, time-ordered static structural analyses are conducted on 
the tank wall using the finite element method, to obtain the spatial and temporal thermal stress distribution within the 
tank wall during filling processes, which could be beneficial to the physical design of cryogenic tanks.
2. Physical and numerical models
2.1. Physical model
The tank is composed of a cylindrical section which is 8.5 m in diameter and 0.09 m in height, and two elliptic 
heads with a long diameter of 8.5 m and an aspect ratio of 1.6. The inlet and outlet, whose radii are 200 mm in gas 
filling processes and 100 mm in liquid filling processes, are located at the bottom and the top of the tank, 
respectively. The metallic tank wall is constructed of 5083 aluminum alloy with a thickness of 4 mm, and is covered 
by a 35-mm-thickness foam insulation. Initially, the tank is filled with helium or hydrogen gas at 300 K under a
pressure of 0.11 MPa. Then the tank is charged with GH2 or LH2 by a hydrogen supply tank, and the vent valve at 
the outlet is kept closed before the absolute pressure inside the tank reaches 0.32 MPa during GH2 filling processes 
and kept open throughout the entire LH2 filling processes to keep the pressure stable.
2.2. CFD models
To give a comprehensive description of the filling process and obtain temperature variations of the tank wall, the 
solid region, which is composed of the metallic tank wall and the insulating layer, as well as the fluid zone inside the 
tank is treated as the computational domain. The fluid zone of the tank is filled with helium before the GH2 fill, thus 
species transport between GH2 and helium will occur as the filling process begins. Therefore, the species transport 
equation, as well as the continuity, momentum and energy equations are solved for the fluid zone and the heat 
conduction equation for the solid region. Due to the axial symmetry of the computational domain, a two dimensional 
axisymmetric model is constructed and employed in numerical simulations. The boundary conditions of the model 
are specified as follows. The inlet of the tank is set as a mass flow inlet, and four different inflow rates of 1, 2, 3 and 
4 kg/s and an inflow temperature of 25.02 K are specified. The outlet of the tank is set as a pressure-controlled 
velocity outlet to act as a vent valve. The exterior surface of the tank is subjected to air free convection, whose heat 
transfer coefficient is obtained using the correlation of natural convection around a spherical surface [7].
The computational domain of the LH2 filling process is the same as that of the GH2 filling process, whereas the 
events occurring in the fluid zone are quite different. The tank is filled with GH2 initially, and LH2 accumulates 
during the filling process, resulting in two phases of one component coexisting in the tank. In addition, phase change 
occurs in the fluid zone due to the heat transfer from the tank wall and between LH2 and GH2. Therefore, the VOF 
multiphase model is employed in the numerical simulations to capture the interface of the two phases, and a phase 
change model proposed by Lee [8] is used to describe the evaporation and condensation rates. The boundary 
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conditions are similar to those of the GH2 filling process, except for the inflow rates, temperature and the operating 
pressure. Four different inflow rates of 5.0, 7.5, 10.0 and 12.5 kg/s and an inflow temperature of 18.65 K, with a 
sub-cooled degree of 2 K under 0.11 MPa, are specified to the inlet.
2.3. Structural analysis model
To study the transient thermal stress distributions within the tank wall during the filling processes described 
above, a finite element model is constructed to perform structural analyses of the tank wall. Similarly, due to the 
axial symmetry of the tank wall, a partial region within a circumferential interval of 1 degree of the tank wall is 
selected as the modelling object. The equilibrium differential equation, geometric equation and physical equation are 
solved, with the temperature distributions of the tank wall at different time instants during the filling processes being 
inputted as controlling conditions.
3. CFD results and discussion
3.1. Chill-down characteristics of the tank during the GH2 filling process
The spatial temperature distributions of the tank wall during GH2 filling processes under inflow rates of 1 kg/s 
and 2 kg/s are shown in Fig. 1, in which the abscissa denotes the altitude of the tank wall relative to the inlet of the 
tank. Temperature distributions under inflow rates of 3 kg/s and 4 kg/s are similar to those under 2 kg/s. In principle, 
the whole tank wall chills down gradually as time goes on, whereas the local chill-down characteristics of the tank 
wall change with time as well as with the inflow rate.
When the inflow rate is low (1 kg/s), the inflowing cryogenic GH2 drops down to the bottom before reaching the 
outlet of the tank and forms gas free convection along the wall. Consequently, the tank wall is cooled from the inlet
up to the outlet. The normal-temperature gas in the upper section is pressurized before the vent valve is opened, 
causing the temperature of the upper region to increase. After the vent valve is opened, the high temperature gas is 
vented out and the wall is cooled by the cryogenic gas rising from the bottom.
When the inflow rate increases (2, 3, 4 kg/s), the filling process can be divided into three phases according to the 
evolution of the flow field within the tank. In the first phase, the inflowing GH2 rises up to the outlet of the tank, 
and then turns around to drop along the tank wall. Consequently, the tank wall is cooled by forced convection in an 
“up to down” mode. In the second phase, the inflowing velocity of GH2 decreases as the pressure within the tank 
increases. Therefore, the flow field within the tank is dominated by the natural convection along the tank wall,
similar to the scenario in the low inflow rate fill case (1 kg/s). In the third phase, some of the inflowing GH2 can rise 
up to the outlet again due to an increase in the buoyancy force. Since the vent valve is open in this phase, the coming 
GH2 is vented out of the tank. Therefore, most part of the tank is chilled by gas free convection except for the region 
near the outlet, which is chilled by forced convection.
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Fig. 1. Tank wall temperature distributions along the axis during GH2 filling processes: (a) 1 kg/s; (b) 2 kg/s.
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3.2. Chill-down characteristics of the tank during LH2 filling process
According to the evolution of the spatial temperature distribution of the tank, a LH2 filling process can also be 
divided into three phases. In the first phase, the inflowing LH2 drops to some region adjacent to the inlet, and 
undergoes a severe boiling due to the rapid heating given by the normal-temperature tank wall. At the same time, the 
region in contact with LH2 is subjected to a cold shock imposed by the cryogenic fluid, causing the local 
temperature to decrease rapidly, as shown in Fig. 2(a).
Fig. 2(b) shows the spatial temperature distributions of the tank wall during the other two phases of LH2 filling 
processes under an inflow rate of 7.5 kg/s. The evolutions of the filling processes under different inflow rates are 
similar, except for the varying histories of the liquid level. In the second phase, the flat liquid-gas interface has 
already emerged, and the wall beneath the interface keeps steady at the liquid temperature, so boiling only exists in 
regions near the interface, resulting in a smaller boiling rate than that in the first phase. Since the heat transfer rate of 
boiling is much greater than that of gas free convection, the chill-down of the tank wall region near the interface is 
much faster than that of the region above the liquid level, causing a steep temperature gradient along the axis at the 
liquid level. In the third phase, due to the continuous cooling of the tank wall above the liquid level by gas free 
convection, the local temperature is already very low before the local wall is immersed in the liquid. As a result, 
when the liquid level reaches, the local wall is chilled by liquid convection instead of local boiling, causing the steep 
temperature gradient at the liquid level to diminish gradually.
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Fig. 2. Tank wall temperature distributions along the axis during a LH2 filling process (7.5 kg/s): (a) 0-20 s; (b) 50 s-2000 s.
4. Structural analysis results and discussion
4.1. Thermal stress distribution during GH2 filling process
Three kinds of restricting conditions including radially free, rigid and elastic constraints are imposed on the inlet 
and outlet respectively, and the wall temperature distributions under an inflow rate of 2 kg/s are employed to 
investigate the thermal stress in the tank wall. Simulating results show that the maximum von Mises equivalent 
thermal stress appears in regions near the inlet and outlet under any restricting conditions, whereas the thermal stress 
in regions distant from the two ports is negligible. The large temperature gradient and restricting conditions cause 
the wall to deform unevenly, resulting in remarkable thermal stress near the two ports. Whereas having the similar 
spatial distribution, the varying histories of the maximum equivalent thermal stress under different restricting 
conditions are distinct, which are analyzed below.
The evolutions of equivalent thermal stress at the inlet and the outlet under radially free restricting conditions are 
shown in Fig. 3(a). The values of thermal stresses at the two ports are dominated by the local temperature gradients 
in this situation. The temperature gradient at the inlet is remarkable in the initial stage of the second phase, resulting 
in a thermal stress peak (19.0 MPa at 60 s). The chill-down rate of the outlet is greatest in the first phase, causing a 
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thermal stress peak (11.6 MPa at 20 s). In the second phase, the temperature at the outlet is higher than the adjacent 
region, causing a temperature gradient with an opposite direction, so the thermal stress increases gradually to a peak 
(11.6 MPa at 600 s).At the end of the filling process, the thermal stresses are very small due to the overall chill-
down of the whole tank.
Fig. 3(b) illustrates the variations of equivalent thermal stress at the two ports under radially rigid restricting 
condition. In this situation, the fixed supports keep the inner walls of the two ports from contracting radially, so the 
inner walls are extruded during the chill-down process, resulting in huge thermal stresses. It can be noted that the 
values of the equivalent thermal stresses at the inlet and the outlet are an order of magnitude greater than those under 
radially free restricting condition. In the first phase, the local temperature of the tank wall near the outlet is lower 
than that near the inlet, so the strength of the extrusion upon the outlet is greater than that upon the inlet, resulting in 
a larger thermal stress at the outlet. Whereas in the second phase, the inlet is cooled directly by the inflowing GH2, 
so the thermal stress at the inlet increases rapidly to a steady value in the initial stage of the second phase, and the 
thermal stress at the outlet increases gradually throughout the second phase. After the whole tank is chilled down, 
the values of the thermal stress at the inlet and the outlet are equal due to the uniform temperature distribution.
To analyze the thermal stress variations under elastic supports of different stiffness, five different values of 
foundation stiffness including 1.0x105, 1.0x1010, 2.0x1010, 3.0x1010 and 1.0x1020 Pa/m are specified respectively. 
Simulating results show that when the foundation stiffness is small (1.0x105), the thermal stress curves are similar to 
those under radially free restricting condition. As the foundation stiffness increases, the variation trends of the 
thermal stress curves tend to be similar to those under radially fixed supports, and the values increase gradually, as 
shown in Fig. 3(c). When the foundation stiffness is set to 1.0x1020, the thermal stress curves are very close to those 
under radially fixed supports. Therefore, it can be concluded that the radially rigid and free supports are two extreme 
cases of radially elastic supports.
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Fig. 3. Time histories of thermal stresses during the GH2 filling process: (a) radially free; (b) radially rigid; (c) radially elastic.
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Fig. 4. Thermal stress within the tank during the LH2 filling process: (a) time history of the maximum value; (b) spatial distributions.
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4.2. Thermal stress distribution during LH2 filling process
In the case of GH2 filling process, the variations of thermal stress at two ports are studied comprehensively. 
Whereas in the LH2 filling process, our attention is focused on the variation of the thermal stress distribution within 
the wall apart from the two ports, due to the possible remarkable temperature gradient along the axis. Therefore, the 
radially free restricting condition will be specified to the inlet and the outlet for convenience.
The varying history of the maximum equivalent thermal stress within the tank wall under an inflow rate of 
7.5 kg/s is shown in Fig. 4(a). In the first phase of the filling process, the cold shock causes a steep local temperature 
gradient at the region in contact with the inflowing LH2, as shown in Fig. 2(a), resulting in a sharply uneven thermal 
deformation field and a remarkable thermal stress peak (134.61 MPa at 4 s). After the cold shock diminishes, the 
local maximum equivalent thermal stress decreases correspondingly to about 20 MPa. In the second phase, with the 
emergence of a flat liquid-gas interface, a steep local temperature distribution appears, as shown in Fig. 2(b),
causing a thermal stress concentration within the tank wall at the height of the liquid level, as shown in Fig. 4(b). As 
time goes on, the local temperature gradient decreases, causing the local thermal stress to decrease. In the third 
phase, the temperature gradient diminishes continuously, so the thermal stress within the tank wall is very small.
5. Conclusion
In this paper, the chill down behaviors of a cryogenic tank during GH2 and LH2 filling processes are studied 
numerically, and the thermal stress distributions within the tank wall are analyzed using the finite element method as 
well as the temperature distributions obtained. For GH2 cases, the chill-down behavior of the tank is controlled by 
the combined action between the inflowing forced convection and gas free convection along the tank wall, and the
intensities of them change with the inflow rate. Whereas in LH2 filling processes, the chill-down behavior of the 
tank is dominated by phase change and gas free convection along the wall.
The tank wall undergoes thermal stress concentrations at two ports during GH2 filling process under three 
different restricting conditions. Radially rigid and free supports, which are two extreme cases of radially elastic 
supports, cause the greatest and smallest local thermal stress, respectively. The local thermal stress near the inlet 
undergoes a rapid increase followed by a decrease in the former thirty seconds due to the emergence and 
disappearance of the cold shock during the first phase of LH2 filling processes. After the liquid-gas interface arises, 
a remarkable thermal stress concentration emerges within the tank wall at the height of the interface. The tank is 
subjected to a significant thermal stress within the bottom elliptic head in the former 400 s of the whole 2000 s
filling process under an inflow rate of 7.5 kg/s, and the thermal stress in the following period is negligible.
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